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Gamma aminobutyric acid (GABA) is a prominent neurotransmitter found in both
vertebrates and invertebrates. The action of GABA has been accepted to be inhibitory in
nature, but recent evidence suggests it is both inhibitory and excitatory, depending upon
time of day. The amount of GABA measured in the brain of the cockroach Leucophaea
maderae was discovered to fluctuate in a circadian pattern similar to the pattern of
electrical output measured from the optic nerve in L. maderae. Considering the circadian
oscillator for L. maderae has been localized to the optic lobes of the brain, the discovery
of GABA-like immunoreactivity in the optic lobes and optic tract could be an important
first step in localizing cells that comprise the circadian oscillator(s) that control the
temporal pattern of many physiological, biochemical and behavioral activities, such as
locomotor activity and metabolism. Through the use of monoclonal antibodies and the
enzyme alkaline phosphatase, GABA-like immunoreactivity has been discovered
associated with neuropils of the optic lobes (lamina, medulla, lobula) and in the optic tract
of the cockroach L. maderae. The localization of GABA-like immunoreactivity in the
optic lobes and tract of L. maderae is consistent with findings in other invertebrates,
including other species of cockroaches.
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Introduction
The function of gamma aminobutyric acid (GABA) in the central nervous system
(CNS) has been extensively studied in both vertebrates and invertebrates. The
preponderance of evidence supports the general acceptance of GABA as a major
inhibitory neurotransmitter in the CNS. GABA is believed to bind to GABA-specific
receptors on neurons, which leads to the opening of CI" channels and the hyperpolarization
of neurons, thus inhibiting the electrical activity of the neuron and making it less
responsive to excitatory input (Kim et al., 1997).
Although considered strictly inhibitory, recent evidence indicates GABA may act
as both an excitatory and an inhibitory neurotransmitter, depending upon time of day. In
neurons of the rat suprachiasmatic nuclei (SCN), a high intracellular CI" concentration
usually occurring during the day, corresponded with an excitatory response to GABA
whereas a low intracellular CI" concentration, usually occurring during the night, resulted
in an inhibitory response to GABA. During the day, when GABA causes chloride ion
channels to open, the membrane potential becomes more positive and action potentials are
generated. At night, the opening CI" channels causes the membrane potential to become
more negative and action potentials are inhibited (McIntire et al., 1993; Colwell, 1997;
Wagner et al., 1997).
GABA is known to play a role in the control of many physiological parameters,
such as the regulation of blood pressure and suppression of heart rate, respiration,
metabolism, eye morphology, hormone release, locomotor activity and feeding behavior
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(Soltis etal., 1997; Cattabeni etal., 1978; Cardinali and Golombek, 1998). The release of
GABA is essential for REM sleep and the regulation of the sleep/wakefulness periods
(Nitz et al., 1997). Also, GABA functions as a neuromodulator affecting certain
peripheral tissues, such as the endocuticle of the cockroach (Wiedenmann et al., 1986;
Weber, 1995).
GABA has been found in many multicellular organisms, both vertebrate and
invertebrate, studied thus far. GABA is thought to be secreted mainly from interneurons
throughout the CNS, and has been discovered in the cockroach Periplaneta americana
(Blechschmidt et al., 1988; Distler, 1990); the honeybee Apis mellifera (Schafer and
Bicker, 1986); the crayfish Procamberus clarkii (Nagayama et al., 1996); the mustached
bat Pteronotus parnellii (Kemmer and Vater, 1997); and the crab Eriphia spinifrons
(Homberg et al., 1993). GABA has also been found in central and peripheral neurons of
the protochordate Oikopleura dioica. The discovery of GABA-like immunoreactivity in
the neuromuscular synapses of the protochordate O. dioica may indicate GABA acts as a
neuromuscular inhibitor in some chordates (Bollner etal., 1991).
Intense GABA-like immunoreactivity has been discovered in the optic lobe
neuropil regions {i.e., lamina, medulla, lobula, and lobular plate) of the honeybee A
mellifera (Meyer et al., 1986; Schafer and Bicker, 1986); the housefly Musca domestica
and blowfly Calliphora erythrocephala (Meyer et al., 1986); and in the American
cockroach P. americana (Fuller et al., 1989; Blechschmidt et al., 1990). The number of
GABA-like immunoreactive neurons in the CNS of invertebrates is much higher in relation
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to neurons immunoreactive to antisera for other neurotransmitters. The number of
GABA-like immunoreactive neurons in the optic lobes o f M . domestica, C.
erythrocephala, and A. mellifera was several thousand compared with approximately 20
serotonin immunoreactive neurons (Meyer etal., 1986). Approximately 9,000 GABA
immunoreactive neurons were discovered in the optic lobes of the honeybee, compared to
approximately 30 serotonin immunoreactive neurons (Schafer and Bicker, 1986). Nearly
all neurons of the SCN in rats, the putative site for the biological clock, demonstrated
GABA-like immunoreactivity (Moore and Speh, 1993; Cardinali and Golombek, 1998).
GABA has been found to exhibit a circadian pattern of release and uptake in the
CNS of rats, specifically in the SCN, the site of the main biological clock in vertebrates
(Honma and Hiroshige, 1978; Toshini and Menaker, 1996; Cardinali and Golombek,
1998). A circadian rhythm is any biological rhythm that has a period of approximately 24
hours, persists in the absence of an entraining environmental stimulus for at least two
cycles, and does not change periodicity with respect to changes in temperature. Because a
circadian rhythm is not exactly 24 hours in length, a daily adjustment is necessary to
synchronize internal circadian rhythms with the external environmental cycles. This daily
adjustment is usually accomplished by the organism's exposure to a stable light/dark (LD)
cycle. In the rat hypothalamus, GABA concentrations during a 24 h cycle showed a
biphasic temporal variation, with peaks at 7 am and 11 am, and a valley at 6 pm (Cattabeni
et al., 1978). Another study of GABA levels in the rat hypothalamus found GABA levels
to be lowest at noon (i.e., almost middle of the light cycle) and highest at 6 pm (i.e.,
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beginning of the dark cycle). These same researchers found GABA levels in the pons and
medulla oblongata of the rat to exhibit a daily rhythm with peaks at 8 am and at midnight,
and a valley at 2 pm (Choma et al., 1979). In male Syrian hamsters, GABA amounts in
the cerebral cortex, preoptic area-medial basal hypothalamus, cerebellum, and pineal gland
peaked at approximately midnight (i.e., halfway into the dark cycle), and were lowest at
noon (Kanterewicz et al., 1993). GABA levels in the brain of the cockroach Leucophaea
maderae were shown to fluctuate on a circadian basis as well, with levels peaking at
midday (McCay et al, 1996).
Results of a study of GABA and Glutamic Acid Decarboxylase (GAD) levels in the
SCN of rats indicate GABA levels varied temporally on a circadian basis, whereas GAD
levels varied diurnally (Roblero et al., 1993). GAD is a coenzyme which converts
glutamic acid to GABA. The temporal fluctuations of both GAD and GABA have been
strongly linked. GAD, like GABA, was found in almost all SCN neurons of the rat (Gao
and Moore, 1996; Cardinali and Golombek, 1998). The association between GAD and
GABA is so strong, researchers have accepted that where GAD is found, GABA is
assumed to be there as well.
Since GABA levels in the brains of different organisms, including the cockroach L.
maderae, have been shown to fluctuate on a circadian basis, GABA secretion ultimately
should be controlled by a circadian oscillator(s). A circadian oscillator is located in each
of the optic lobes of the brain in L. maderae, specifically in the lobula neuropil (Page,
1990). A circadian oscillator in the cricket Gryllus bimaculatus also appears to be located
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in the optic lobe region (Jacklet, 1981; Tomioka and Chiba, 1986). In the silkmoth
Antheraea pernyi (Truman, 1972) and fruitflies (Handler and Konopka, 1979), the
circadian oscillator is located in the cerebral lobes (Truman, 1972). In the mollusc Bulla
gouldiana, a circadian oscillator is located in the retina (Block and Davenport, 1982). For
most vertebrates, the circadian pacemaker has been located in the SCN or other
hypothalamic nuclei (Gao and Moore, 1996; Moore and Speh, 1993). Circadian
oscillators have been identified in the pineal gland and retina of nonmammalian vertebrates
as well (Tosini and Menaker, 1996).
It is a highly debatable issue whether there is one "master" oscillator which
controls many "slave" or subservient oscillators, or whether there are several oscillators,
each controlling its own physiological, biochemical, or behavioral parameter, which
interact to coordinate activities temporally such as eye sensitivity to light, cytochrome
oxidase activity, or locomotor activity. In support of the "master" oscillator concept, the
locomotor activity, body temperature and plasma corticosterone levels in the rat were
demonstrated to be controlled by a common internal oscillator in vivo (Honma and
Hiroshige, 1978). In a similar finding, circadian rhythms for locomotor activity, eye
sensitivity to light, and cytochrome oxidase activity for the cockroach L. maderae were
found to be controlled by mutually coupled circadian oscillators located in the lobula
neuropil of the optic lobes (Lavialle et al., 1989; Page, 1990). Identification of cells
comprising the clock is a necessary first step toward verifying this concept.
In support of the interacting multiple oscillators concept, multiple clocks were
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reported in a study involving the rat SCN. In cultured rat SCN slices, rhythms for the two
peptides arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) were
determined to be circadian and coupled, each controlled by different clocks. It was
discovered VIP and AVP have different periods. In addition, both peptide rhythms in the
same culture responded to N-methyl-D-aspartate (NMDA) differently. Both VIP and
AVP exhibited almost identical phase relationships in the absence of antimitotic drugs,
chemicals which reduce the number of glial cells. However, upon the introduction of
antimitotic drugs, the rhythms of AVP and VIP became 180° out of phase with respect to
each other (Shinohara et al., 1995). In Aplysia californica, the mechanism causing
compound action potentials in the optic nerve was determined to be distinct from the
clock oscillation (Benson and Jacklet, 1977). In the cockroach Blaberus craniifer, a
decentralized "clock" was discovered in epidermal tissue (Lukat etal., 1989).
Circadian oscillators regulate the temporal organization of physiological activities
via secretions neural or humoral, such as GABA. Locomotor activity in Drosophila
appears to be controlled by the circadian pacemaker via humoral influences (Handler and
Konopka, 1979). Retinal neurotransmitters related to LD information, such as dopamine
and melatonin, have been demonstrated to display circadian rhythms (Wirz-Justice, 1987).
Recently in a study conducted in humans, circadian rhythms were shown to be affected by
exposing the popliteal region to visible light. In that study, it was postulated that heme
moieties in the blood, such as hemoglobin and bilirubin in mammals, served as carriers of
the information which entrained internal circadian oscillators (Campbell and Murphy,
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1998). For Aplysia, the coupling between the circadian pacemaker and locomotor
activity is believed to be humoral, but electrical coupling has not been dismissed (Handler
and Konopka, 1979). For L. maderae, the circadian pacemaker output is strictly neural in
that circadian rhythms are expressed only when the oscillators are neurally connected, but
not when functional but neurally disconnected (Page, 1990).
Neural activity from the optic lobe pacemaker was measured from a population of
neurons in vitro at the cut end of the optic tract in L. maderae. Page (1990) discovered
that neural activity was greatest at 1100 h, a time when locomotor activity is low, and
lowest for L. maderae at the onset of darkness at 1700 h when locomotor activity begins.
Interestingly, this pattern in neural activity from the isolated clock matches the pattern of
GABA levels, but with a one hour phase advance. A similar circadian pattern of electrical
activity has been recorded from the optic nerve of Aplysia. In the Aplysia eye, neural
activity was highest at midday, and lowest at dusk and at dawn (Jacklet, 1981). The
electrical activity has also been recorded from the distal end of the optic stalk, the tissue
between the medulla and lobula optic lobe neuropil regions in the cricket G. bimaculatus.
The electrical activity recorded in the optic stalk was circadian in pattern, but the phase
relationship with that of locomotor activity was not necessarily inverse (Tomioka and
Chiba, 1986, 1992).
Because of the inverse relationship between locomotor activity and neural output
from the circadian clock in L. maderae, it is plausible that an inhibitory neurotransmitter is
involved in mediating this relationship. Since GABA is the most prominent inhibitory
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neurotransmitter of invertebrates, GABA was hypothesized to be involved. Further
support for this notion came from the fact GABA levels fluctuated on a circadian basis,
with levels in the brain greatest at 1200 h, and lowest at 1800 h (McCay et al, 1996). The
parallelism between the pattern of neural output from the optic lobe and the pattern of
GABA levels in the brain of the cockroach L. maderae, combined with the inverse
relationship between GABA levels in the brain and locomotor activity of the cockroach L.
maderae, prompted efforts to localize GABA in the brain. The localization of GABA in
the brain of the cockroach L. maderae has not been accomplished before now, and the
localization of GABA could help further characterize the relationship between GABA and
the circadian pacemaker(s). Because the circadian oscillator is located in the lobula
neuropil region of the optic lobe, localization of GABA in this region is of particular
interest. If GABA-like immunoreactivity is discovered in the brain of L. maderae, those
neurons could possibly be traced through backfilling techniques toward the lobula neuropil
region of the optic lobe, the site of the circadian pacemaker. Localizing cells of the clock
would allow researchers to address fundamental questions of circadian organization. The
localization of GABA in the optic lobes and optic tracts of the cockroach L. maderae may
represent an early step toward determining whether overt circadian rhythms of
physiological, behavioral, and biochemical parameters are regulated by one "master"
oscillator or several interacting main oscillators with no single "master."
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Methods and Materials
A cclimation/Entrainment
Adult male L. maderae were obtained from a rearing colony and kept in an
environmental chamber for two weeks at 25 ± 2°C, under 12 h light/12 h dark cycles with
the onset of light at 0600 h. The cockroaches were supplied with food (Puppy Chow
brand dog food) and water (plastic jars fitted with a cotton wick) ad libitum.
Dissection and Fixation
Acclimated adult male L. maderae were randomly selected from the environmental
chamber and each was placed in a petri dish, 9 cm in diameter. The lid of each petri dish
contained two holes: at one end, a small circular hole, just large enough for the tip of a
glass micropipette, and at the other end, a triangular hole, just large enough for the
cockroach head to pass through. The cockroaches were anesthetized with C0 2 by
inserting a glass micropipette, which was connected to a C0 2 tank via rubber tubing, into
the small round hole and sealing the triangular hole with a strip of tape. A gentle flow of
C0 2 was introduced into the petri dish until no movement from the cockroach could be
detected. At this point, the cockroach was considered anesthetized.
The tape was removed from the triangular hole and the micropipette was removed
from the small circular hole. The head of the anesthetized cockroach was placed through
the triangular hole in the lid of the petri dish. Tape was placed behind the head of the
cockroach to prevent the head from falling back through the hole. To prevent excess
movement from the cockroach during the removal of the brain, the body of the cockroach
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was taped to the underside of the petri dish lid. The glass pipette was once again placed in
the small round circular hole in the lid of the petri dish and a gentle flow of C0 2 was
introduced continually into the petri dish in order to keep the cockroach fully anesthetized.
Using an iridectomy type scalpel, a rectangular-shaped incision was made through
the cuticle of the cockroach head. Two incisions spanned the width of the cockroach
head, from compound eye to compound eye, and these incisions were connected by two
longitudinal incisions which extended from the top of the mouth parts to just behind the
compound eyes. Extreme caution was used regarding depth when making the incision.
The depth of the incision was just enough to penetrate the cuticle, but not enough to
damage the underlying brain. A small pair of forceps was used to gently remove the cut
rectangular piece of cuticle from the head of the cockroach. Caution was exercised to
avoid disturbing the underlying brain when peeling the cuticle away from the head. A pair
of iridectomy scissors was used to cut away any connective tissue still attached to the
underside of the cuticle. Using the small forceps, the fatty tissue deposits immediately
underlying the cuticle were removed from the head capsule. Using the iridectomy
scissors, the entire brain, including the optic lobes, was cut away from the head capsule.
Using the small forceps, the entire brain from the C02-anesthetized cockroach was
removed from the head capsule and placed in fixative consisting of the following final
percentages of the whole solution: 10% glutaraldehyde, 16% paraformaldehyde, and 74%
saturated picric acid for 12 h. The fixative, called GPP A, was prepared in a solution of 2x
Tris-Buffered Saline (TBS) pH 7.5. The GPPA fixative was chosen in order to preserve

GABA immunoreactivity. Others have demonstrated anti-GABA antibodies recognize
glutaraldehyde conjugated structures best. Fixation mixtures containing formaldehyde
were not successful in GABA immunocytochemistry (Hodgson et al., 1985; Meyer, et al.,
1986; Blechschmidt et al., 1988; Buijs et al., 1995).
Embedding
The brains were dehydrated using ethanol (EtOH) in a dehydration series of 20%,
35%, 50%, and 70% EtOH. The brains were placed in each EtOH solution for 20 min
each and left overnight in 70% EtOH. Afterward, the brains were removed from the 70%
EtOH and further subjected to the alcohol dehydration series of 85%, 95%, and 100%
EtOH for 20 min each, followed by fresh 100% EtOH for 1.5 hrs.
Next, the brains were placed in a graded xylene:Paraplast X-tra series of 3:1, 2:1,
1:1, 1:2 and 1:3 for 20 min each. The brains were then transferred to a dish containing
fresh 100% melted Paraplast X-tra for 1.5 hrs, placed in peel-a-way plastic boats, and
embedded in 100% Paraplast X-tra. During this series, the temperature was held constant
at 60 °C.
Sectioning
The area of the Paraplast X-tra block containing the cockroach brain was trimmed
into a trapezoid shape using a razor blade. The Paraplast X-tra block was then mounted
on a rotary microtome, and sectioned at 10 fj.m increments. Brain sections were floated
onto a drop of distilled H 2 0 and allowed to adhere to the warmed glass slides at 60 °C as
the water evaporated. Each glass slide was then marked using a glass etching pen for
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future identification.
Immunocytochemistry
The Paraplast X-tra was removed from brain sections through several washes with
xylene and EtOH. Slides containing the brain sections were placed in a Coplin jar
containing 100% xylene for 3 min, followed by a change of fresh 100% xylene for an
additional 3 min. The glass slides were then transferred to another Coplin jar containing a
mixture of 50% xylene:50% EtOH. The slides remained in the 1:1 solution for 2 min, then
were transferred to yet another Coplin jar containing 100% EtOH. The slides remained in
the 100% EtOH for 3 min, followed by a change of fresh 100% EtOH for an additional 3
min.
Each glass slide was removed from the Coplin jar containing the 100% EtOH, was
flooded with 200 fA of the Blotto Blocking Buffer using a micropipette, and allowed to
incubate for 30 min in a humidity chamber at room temperature. The humidity chamber
consisted of the bottom of a large petri dish, 9 cm in diameter, which was filled with just
enough distilled H 2 0 to cover the bottom surface. In the center of the larger petri dish
bottom rested a smaller inverted petri dish, 4 cm in diameter. The glass slide rested upon
the smaller petri dish bottom. Both the larger and smaller petri dishes were completely
covered by an inverted glass bowl, 11 cm in diameter. After the incubation time of 30
min., excess Blotto Blocking Buffer was blotted away from the slides by tipping the glass
slide onto its edge and gently tapping the slide edge onto a paper towel. Next 100 /A of
mouse anti-GABA primary monoclonal antibody (Sigma, St. Louis MO) diluted with
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Blotto Blocking Buffer (1:100 dilution) was added to the glass slides. The brain sections
were incubated with the monoclonal antibody in humidity chambers at room temperature
for 1.5 hrs. Following the incubation time, the glass slides were washed 3 times with TBS
pH 7.5, 5 min each washing. Next 100 /A of a biotinylated goat anti-mouse secondary
monoclonal antibody (Vector Laboratories, Vectastain ABC-AP kit), diluted 1:100 with
Blotto Blocking Buffer, was added to the glass slides. Brain sections were incubated with
this mixture in the humidity chambers at room temperature for 1.5 hrs. Following the
incubation time, the glass slides were washed in TBS, 3 times, 5 min each washing. Next,
100 /A of an avidin and biotinylated alkaline phosphatase enzyme were then added to the
glass slides (Vectastain ABC-AP kit). The brain sections were incubated in the presence
of this enzyme in humidity chambers at room temperature for 1 hr, followed by 3 washes,
5 min each, with TBS. Glass slides containing the brain sections were then washed in 100
mM Tris-HCl, pH 8.2 for 10 min. Each slide was then flooded with 200 //I of the
fluorescent and chromogenic substrate Vector Red (Vector Laboratories) and allowed to
incubate in the chromogenic substrate in humidity chambers at room temperature under
low light conditions (almost complete darkness) for 15 min. Following the incubation
time, the glass slides were washed in distilled H 2 0, 3 times, 5 min each wash. Finally, the
glass slides were allowed to air dry before sections were viewed under brightfield and
fluorescent (fluorescent excitation wavelength X=490nm) microscopic conditions using an
Olympus BH-2 compound microscope, and subsequent pictures taken with a Nikon M355 camera.
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Brains treated the same as experimental brains, except for the omission of the
primary monoclonal antibody or the application of the primary monoclonal antibody
previously absorbed with various concentrations of GABA served as controls. The
omission of the monoclonal antibody from the experimental procedure was conducted to
ascertain any nonspecific binding characteristics of the remaining reagents (i.e., Blotto
Blocking Buffer, secondary monoclonal antibody, Vector Red chromogenic substrate). If
after omission of the monoclonal antibody from experimental procedures GABA
immunoreactivity was detected (red color) in areas of the cockroach brain, then some
other reagent used may either cause or detect immunoreactivity including, but not
exclusively, that of GABA. The primary monoclonal antibody previously absorbed with
various concentrations of GABA served to ascertain the binding specificity of the
monoclonal antibody. Theoretically, if most or all of the monoclonal anti-GAB A IgG was
bound to its antigen GABA, then little or no immunoreactivity (red color) should be
detected on brain sections since the binding sites of the IgG molecule were already
blocked with GABA.
The number of brains in which sections were used for both experimental and
control procedures, where primary monoclonal antibody was omitted, was nine. The
number of brains used exclusively in experimental procedures was three. As a control, the
primary monoclonal antibody was preabsorbed with various concentrations of GABA.
One brain was used for control procedures where the primary antibody was preabsorbed
with a 1 mM solution of GABA. Four brains were used for control procedures where the
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primary antibody was preabsorbed with a 0.5 mM solution of GABA. Three brains were
used for control procedures where the primary antibody was preabsorbed with a 0.1 mM
GABA solution. Two brains were used for each control procedures where the primary
antibody was preabsorbed with a 0.05 mM and a 0.01 mM GABA solution.
Results
All regions of the cockroach brain examined had areas of immunoreactive staining,
detectable under brightfield and fluorescent microscopic conditions. The regions with the
most intense immunoreactive staining were the optic lobe neuropils (i.e., lamina, medulla,
and lobula neuropils) and the optic tract (Figure 1C and D). For most sections, regardless
of whether experimental or control, the outer edge of each section, or perilemma,
demonstrated GABA-like immunoreactivity (Figure 3A and B). Whenever the step
involving the use of the primary monoclonal anitbody was omitted from the
immunocytochemical protocol, brain sections exhibited no immunoreactive staining
(Figure 1A and B). In brain sections treated with primary monoclonal antibody
preabsorbed with a concentration of 0.5 mM, 0.1 mM, 0.05 mM, or 0.01 mM GABA in
solution, no immunoreactivity was detected (Figure 2A; Figure 3 A-D). In brain sections
treated with primary monoclonal antibody preabsorbed with a concentration of 1.0 mM
GABA in solution, slight staining was detected (Figure 2B). For a summary of results, see
Table 1.

16

Figure 1. GABA-like immunoreactivity in the optic lobe neuropils and optic tract of the
cockroach L. maderae. A and B: Control conditions where the primary monoclonal
antibody was omitted from the immunocytochemical protocol. No GABA-like
immunoreactivity was detected. C and D: Experimental conditions. GABA-like
immunoreactivity (red) detected in optic lobe neuropils and optic tract. A and C:
Fluorescent microscopy. Excitation wavelength (X=490 nm). B and D: Brightfield
microscopy. La: lamina; M: medulla; Lo: lobula; OT: optic tract. Magnification: lOOx.
Bar: 1mm.
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Figure 2. Control conditions where the primary monoclonal antibody was preabsorbed
with known concentrations of the antigen (GABA). A: No GABA-like immunoreactivity
detected in optic lobe neuropils and optic tract after primary monoclonal antibody was
preabsorbed with a 0.5 mM GABA solution. B: Slight GABA-like immunoreactivity
detected in the optic lobe neuropils and optic tract after primary monoclonal antibody was
preabsorbed with a 1 mM GABA solution. AandB: Fluorescent microscopy. Excitation
wavelength (X=490 nm). La: lamina; M: medulla; Lo: lobula; OT: optic tract.
Magnification: lOOx. Bar:l mm.
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Figure 3. Control conditions in which primary monoclonal antibody was preabsorbed
with known concentrations of the antigen (GABA). No GABA-like immunoreactivity
(red) was detected in the optic lobe neuropils or optic tract. A: Primary monoclonal
antibody preabsorbed with 0.5 mM GABA. B: Primary monoclonal antibody preabsorbed
with 0.1 mM GABA. C: Primary monoclonal antibody preabsorbed with 0.05 mM
GABA. D: Primary monoclonal antibody preabsorbed with 0.01 mM GABA. A-D:
Fluorescent microscopy. Excitation wavelength (k=490 nm). La: lamina; M: medulla; Lo:
lobula; OT: optic tract. Magnification: lOOx. Bar: 1 mm.
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Table 1. Summary of brain section treatments and the detection of immunoreactivity.
No. N1

Immunoreactivity

Experimental

3

+++ 3

Control (no monoclonal ab2)

9

4

Control (1.0 mM preabsorbed ab)

1

+5

Control (ab preabsorbed with 0.5mM GABA)

4

—

Control (0.1 mM preabsorbed ab)

3

—

Control (0.05 mM preabsorbed ab)

2

—

Control (0.01 mM preabsorbed ab)

2

—

Brain Section Conditions

X

N= The number of animals from which brains were taken.
ab= Antibody
3
+++= Intense staining
4
- - = No staining
5
+= Light staining
2
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Discussion and Conclusion
GABA-like immunoreactivity was discovered in all regions of the brain of the
cockroach L. maderae examined, with intense immunoreactivity detectable in the optic
lobe neuropils (i.e., lamina, medulla, and lobula) and optic tract. One of the neuropils of
the optic lobe, the lobula, is the location of the circadian pacemaker for this organism.
Since GABA is a prominent neurotransmitter and is both stored in and released from axon
end bulbs via synaptic vesicles, it is expected that GABA would be located in and between
neurons. The localization of GABA-like immunoreactivity in the optic lobe neuropils of
the cockroach L. maderae is consistent with this notion and with findings in invertebrates,
including other cockroach species. GABA-like immunoreactivity was discovered in the
optic lobes of the honeybee, A. mellifera (Meyer et al., 1986; Schafer and Bicker, 1986);
the housefly, M. domestica and blowfly, C. erythrocephala (Meyer et al., 1986); and in
the American cockroach, P. americana (Fuller et al., 1989; Blechschmidt et al., 1990).
Results from controls indicate the monoclonal antibody indeed was specific for
GABA and there was no nonspecific binding to tissue sections. Immunoreactivity
appeared to be specific for GABA in sections fixed for this study. No immunoreactivity
was observed when the primary monoclonal antibody was omitted from the experimental
procedure; therefore, nonspecific binding of the secondary antibody did not occur. When
the primary monoclonal antibody was preabsorbed with GABA in solution at
concentrations of 0.5 mM, 0.1 mM, 0.05 mM, and 0.01 mM, GABA-like
immunoreactivity was not apparent; therefore, the monoclonal antibody appeared to be
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specific for tissue GABA. The free GABA in solution was at a concentration at which
virtually all molecules of the primary antibody were bound to GABA, thus inhibiting the
primary antibody from binding to GABA on tissue sections.
When the primary monoclonal antibody was preabsorbed with GABA in solution
at a concentration of 1.0 mM, light or reduced immunoreactive staining was observed.
This result was unexpected, since no immunoreactivity was observed when the primary
monoclonal antibody was preabsorbed with GABA solution concentrations of 0.5mM,
O.lmM, 0.05mM, and O.OlmM. A possible explanation for immunoreactive staining at 1.0
mM GABA could be due to human error. The concentration of the GABA solution could
have been incorrect, thus producing surpising results. The amount of time allocated for
the primary monoclonal antibody to associate with the GABA in solution might have been
too short. In any event, this specific control was only performed once for one brain.
Because this control condition was not reproduced as they were for other concentrations,
the data for the preabsorbed primary monoclonal antibody with a GABA solution
concentration of 1.0 mM is questionable, and unreliable.
Only the outer perilemma exhibited any immunoreactivity under both control and
experimental conditions. The GABA-like immunoreactivity detected at the perilemma of
tissue sections could possibly be the result of the failure to remove chromogenic substrate
during washing steps of the experimental procedure. The chromogenic substrate could
have become trapped under tissue and thus inaccessible to water.
The localization of GABA in the optic lobe neuropils and optic tracts of the
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cockroach L. maderae could provide another step toward understanding how circadian
oscillator(s) regulate physiological activities. GABA is the prominent neurotransmitter
found in the CNS of invertebrates and has been immunocytochemically located in the same
region of the brain as the circadian oscillator(s), the optic lobe neuropils, of several
invertebrates. It should be possible to trace GABA-like immunoreactive neurons localized
in the optic lobes to determine their relationship with the circadian oscillator(s). GABA
also plays a role in the regulation of many physiological parameters {e.g., metabolism, eye
morphology, etc.) in a number of organisms, both vertebrate and invertebrate.
Physiological parameters, such as locomotor activity, body temperature, and hormone
release are controlled by circadian oscillator(s), regardless of their location {i.e., optic
lobes, SCN, retina) or number.
It is not surprising GABA is found in the location of the circadian pacemaker of
the cockroach L. maderae. Circadian oscillator(s) of organisms are entrained by external
environmental cycles such as LD cycles. Circadian oscillator(s) in vertebrates receive
input from the eyes via the retino-hypothalamic tract, optic chiasm, optic nerves, etc. For
mammals, the circadian oscillator(s) is/are hypothesized to be set by LD information sent
from the photoreceptors via the retino-hypothalamic tract to the SCN, where the circadian
pacemaker(s) cells reside. The circadian pacemaker(s) in turn regulates physiological
activities and secondary circadian oscillators positioned throughout the body. If this
mechanism is the case, it seems logical for the circadian clock to be positioned
anatomically where light information can reach it and it has access to homeostatic output
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via nervous system control. Indeed, this mechanism is the case, for the most part. In
many vertebrates, the main circadian pacemaker is located in the SCN, with other
pacemakers located in the retina and pineal gland. For many invertebrates, the circadian
pacemaker is located in the retina, optic tract, optic nerve, or optic lobes. The main
oscillator receives light information and communicates to secondary circadian clocks via
neurotransmitters, such as GABA. These secondary circadian oscillators control specific
physiological parameters, such as hormone release, body temperature, etc. This
arrangement of "master"/" slave" clocks seems more orderly and an efficient system as
compared to the other hypothesis.
It remains to be determined whether GABA is part of the input or output pathway
of the oscillator. During this study, GABA-like immunoreactivity was discovered in all
optic lobe neuropils one of which contains the circadian pacemaker for this model
organism and which receives input related to the LD cycle from the compound eyes.
During this study, GABA-like immunoreactivity was also discovered in the optic tract, an
area of output from the circadian pacemaker for this organism. For L. maderae, both
neural activity measured in vitro at the cut end of the optic tract, an area of output from
the clock, and GABA levels measured in the brain, exhibit similar patterns of temporal
fluctuations (Page, 1990; M°Cay et al., 1996). Intense GABA-like immunoreactivity was
discovered in the rat SCN, the putative site for the biological clock and a site which
receives input related to the LD cycle from the eyes (Moore and Speh, 1993).
Future endeavors should include localizing GABA-like immunoreactivity in the
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brain of the cockroach L. maderae at different times of day, since GABA levels in the
brain of this organism have been shown to fluctuate during the course of the LD cycle
(McCay et al., 1996). Neurons exhibiting GABA-like immunoreactivity should also be
traced to determine points of origin, termination, and number. Levels of hormones and
neurotransmitters exhibit circadian patterns as do their respective receptor binding
properties, fluctuating throughout any given 24-hour period, and differing in the same
animal throughout the year (Brunei and Montigny, 1987; Wirz-Justice, 1987; Cardinali
and Golombek, 1998). This information may aid in answering the question regarding the
importance of GABA in the circadian system.
In addition to localizing GABA, other neurotransmitters should be localized in the
brain of the cockroach L. maderae and their functions explored. GABA may act
independently or work in conjunction with other substances to control physiological
parameters. Pigment-dispersing hormone (PDH) immunoreactive neurons in the
cockroach L. maderae have been identified and share similar morphology and location to
GABA-like immunoreactive neurons (Stengl and Homberg, 1994). During behavioral
tests in mice, melatonin was linked with GABAergic activity. Melatonin effected GABA
turnover and synthesis in the rat brain (Cardinali and Golombek, 1998).
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